Purpose: To evaluate the toxicity, antileukemic activity, and pharmacology of raltitrexed administered weekly for 3 weeks to patients with refractory or recurrent leukemia.
INTRODUCTION
Raltitrexed (Tomudex, ZD1694, NSC 639186) is a quinazoline-based folate analogue that selectively inhibits thymidylate synthase. Thymidylate synthase, which catalyzes the conversion of dUMP to dTMP, is the rate-limiting enzyme in pyrimidine de novo deoxynucleotide biosynthesis. Inhibition of thymidylate synthase results in depletion of dTMP and subsequent inhibition of DNA synthesis. Overabundant dUMP is phosphorylated and misincorporated into DNA, resulting in DNA damage and cell death. Raltitrexed undergoes rapid and extensive intracellular polyglutamation, which prevents drug efflux and enhances its cytotoxic effect (1) . The preclinical and clinical development of raltitrexed have been previously reviewed (2, 3) .
Raltitrexed is currently approved in Europe for the treatment of colorectal cancer and has been combined with other agents such as irinotecan or oxaliplatin for patients with this malignancy (4) . Other solid malignant tumors are also sensitive to raltitrexed either alone or in combination with other cytotoxic agents or irradiation. In a phase 2 study of raltitrexed, cisplatin, and 5-fluorouracil administered to adults with newly diagnosed, locally advanced, or metastatic head and neck cancer, a 67% response rate was reported (5) . Whereas the use of this agent in the treatment of solid tumors has generated much interest, few clinical studies have examined raltitrexed for use in leukemia.
Several preclinical studies suggest that raltitrexed may have activity against acute lymphoblastic leukemia (ALL) and acute myelogenous leukemia (AML) (6 -9). Longo et al. showed that raltitrexed was more potent than methotrexate against ALL and AML cell lines (10) . Raltitrexed also significantly improved survival when drug-treated mice were compared with vehiclechallenged mice inoculated with human NALM-6 B-lineage ALL cells (11) . In situ studies using preB-ALL, T-ALL, and AML cells from children at diagnosis, as well as with preB-ALL cells from patients with recurrent disease who had been previously treated with methotrexate, confirm that raltitrexed is a potent inhibitor of thymidylate synthase and suggest that raltitrexed may be an active agent for the treatment of leukemia (8) . Raltitrexed may also circumvent methotrexate resistance induced by dihydrofolate reductase amplification (12 -14) .
Because of its in vitro and in situ antileukemic activity, the Pediatric Oncology Group (POG) conducted a phase 1 study of raltitrexed in pediatric patients with recurrent or refractory leukemia. This study complemented an earlier phase 1 study of raltitrexed in pediatric patients with refractory solid tumors (POG 9379; ref. 15) and is the first trial of raltitrexed in either adults or children with leukemia. In addition to evaluating the pharmacokinetic disposition of raltitrexed, we measured the accumulation of plasma 2V-deoxyuridine, a dephosphorylated byproduct of dUMP (16) , which may serve as a surrogate marker of thymidylate synthase inhibition (17) .
This study used a weekly dosing strategy to maximize the effects of raltitrexed in patients with leukemia. Eighteen of the 21 pediatric patients with solid tumors enrolled in the pilot study POG 9379 recovered from the myelosuppressive toxicity of raltitrexed in <7 days after a dose of 4.2 mg/m 2 administered every 3 weeks (15) . In preclinical studies, Takemura et al. showed a rapid regrowth of leukemic cells after a single-dose exposure to raltitrexed (6). Smith et al. also noted recovery of cell growth occurred within several days after raltitrexed-induced cytotoxicity (18) . Based on this preclinical and pilot clinical data, we administered raltitrexed using a weekly dosing schedule, with a starting dose of raltitrexed (1.3 mg/m
2 ) beginning at one-third the tolerated dose in the pediatric pilot study that had used an every-3-week dosing schedule.
The objectives of this study were (a) to establish the toxicities and maximum tolerated dose of raltitrexed administered as a weekly infusion for 3 weeks beginning every 5 weeks, (b) to establish the pharmacokinetic profile of raltitrexed in children, (c) to evaluate the relationship between 2V-deoxyuridine plasma concentrations and raltitrexed toxicity, and (d) to document any raltitrexed antileukemic activity. ). Patients could not receive any other anticancer agents or be on any other study during the course of therapy and had to have recovered from the toxicity of all previous chemotherapy. Patients must not have received myelosuppressive chemotherapy during the preceding 2 weeks (6 weeks for prior nitrosurea), biological agents during the preceding 7 days, or a bone marrow transplant within the preceding 6 months. At least 2 weeks must have elapsed from receipt of local palliative radiation or 6 months from substantial radiation including total body irradiation. In addition, patients could not have had significant third-space fluid collections or have been taking nonsteroidal anti-inflammatory agents. Informed consent was obtained from the patient or his or her legal guardian before entering onto the study in accordance with National Cancer Institute (Bethesda, MD) and institutional review board policies.
PATIENTS AND METHODS
Drug Administration and Study Design. Raltitrexed was supplied by the National Cancer Institute. The product was reconstituted to a 0.5 mg/mL stock solution and further diluted with 0.9% saline or 5% dextrose solution to a final concentration between 2 and 200 Ag/mL. The raltitrexed starting dose was 1.3 mg/m 2 per dose administered as a 15-minute infusion weekly for 3 weeks beginning every 5 weeks. Each weekly dose was approximately one-third of the pediatric maximum tolerated dose after drug administration once every 3 weeks, so that the dose administered over the entire 3-week interval was approximately the same as the maximum tolerated dose determined in the pilot study of raltitrexed in solid tumor patients (POG 9379). Dose escalation proceeded in 30% increments for four dose levels (1.3, 1.6, 2.1, and 2.8 mg/m 2 per dose). No intrapatient dose escalation was permitted.
Adverse events were graded according to the National Cancer Institute common toxicity criteria (CTC version 2.0). Dose-limiting toxicities were defined as any grade 3 or 4 nonhematologic toxicity with the specific exclusion of grade 3 nausea and vomiting, grade 3 transaminase elevations that returned to grade V1 before the next treatment course, grade 3 fever, or grade 3 infection. Hematologic dose-limiting toxicity was defined as a duration of bone marrow aplasia >5 weeks from the first treatment day. Aplasia was defined as a failure to recover a peripheral absolute neutrophil count >500/AL and platelets >20,000/AL due to bone marrow aplasia, not malignant infiltration.
At least three patients were treated at each dose level. If one of three patients entered at any dose level experienced a doselimiting toxicity during the first course of therapy, three additional patients were entered at that dose level. If two of two to six patients had dose limiting toxicity at any dose level, the maximum tolerated dose was exceeded, and three more patients were treated at the next lower dose level. The maximum tolerated dose was defined as the dose immediately below the dose level at which two patients of a cohort (of two to six patients) experienced dose-limiting toxicity during the first course. Patients without evidence of progressive disease could continue to receive raltitrexed as long as they had complete recovery from all nonhematologic toxicity. If patients were benefiting from treatment, but experienced a dose-limiting toxicity, subsequent treatment courses were given at the next lower dose level. Physical examination, complete blood count, electrolytes, creatinine, bilirubin, and ALT were done weekly.
Evaluation of Response. Assessment of bone marrow involvement was done before course two. Complete response was defined as <5% bone marrow blasts, partial response was defined as 5 to 25% bone marrow blasts, and no response was defined as >25% blasts. Patients showing no response were removed from study. For patients demonstrating a complete marrow response, bone marrow aspirates were repeated every three courses or as clinically indicated. Patients demonstrating a partial marrow response had a marrow aspirate repeated before course 3, then as clinically indicated.
Pharmacology Studies Sample Collection. Blood samples (3-5 mL) for raltitrexed analysis were collected into heparinized tubes (in an alternative i.v. access site whenever possible) before the infusion and at the end of the 15-minute infusion. Samples were also collected at 15 minutes, 30 minutes, 1, 2, 4, 8, and 24 hours after the end of the infusion. Pre-and postinfusion samples were collected on days 8 and 15. Blood samples for 2V-deoxyuridine measurements were collected before the raltitrexed infusion and at 1, 8, 24, and 48 hours post infusion. Pre-and postdose samples for assessment of the 2V-deoxyuridine concentration were also obtained on days 8 and 15. The samples were immediately centrifuged for 5 minutes at 2500 rpm at 4jC and the plasma frozen. Samples were stored at À70jC until analysis.
Analysis of Raltitrexed. Branch, National Cancer Institute. The internal standard, 4-nitroacetanilide, was obtained from Sigma-Aldrich (Milwaukee, WI). Twenty-five microliters (100 ng) of internal standard were added to 250 AL plasma followed by 250 AL of 0.1 mol/L sodium acetate (pH 4). The mixture was vortexed and applied to a preconditioned C 2 solid-phase extraction cartridge (100 ng, 1 mL, United Chemical Technologies, Bristol, PA). The sample cartridge was preconditioned with two 1-mL aliquots of methanol/water/0.1 mol/L sodium acetate (pH 4.0; 1:1:1 v/v/v). Immediately after the addition of the sample mixture, the column was washed with 1 mL of high-performance liquid chromatography (HPLC) water (pH 4.0). The adsorbed raltitrexed was eluted with 1.5 mL 90% methanol and dried under a gentle stream of nitrogen at 40jC. The extraction efficiency of raltitrexed from plasma was 95%. The residue was reconstituted with 200 AL mobile phase, centrifuged, and filtered before HPLC analysis.
Raltitrexed (M r 458.5) was quantitated using a Waters HPLC system (Waters Corp, Milford, MA) with UV detection at 350 nm. Chromatographic data were collected and stored using Waters Maxima chromatography data collection software. The mobile phase consisted of methanol/water/0.5 mol/L sodium acetate and triethylamine (28.4:64.3:7.2:0.1) adjusted to pH 4 with glacial acetic acid. The reconstituted solution (150 AL) was injected onto a Spheriosorb C 6 column (150 Â 4.6 mm, 3 Am). With the mobile phase flow rate of 0.8 mL/min, the internal standard eluted at 10 minutes and raltitrexed at 27 minutes. Seven-point calibration curves were constructed by using 1/x weighted least squares linear regression of peak area ratios. Calibration curves were linear (r 2 = 0.99) over the respective concentration range of 5 ng/mL (10.9 nmol/L) to 2,500 ng/mL (5.45 Amol/L). The intra-/interassay coefficient of variation at the low (20 ng/mL) and high (1,500 ng/mL) end of the curve were 10.6/9.1% and 1.1%/1.3%, respectively.
Analysis of 2-Deoxyuridine. 2-Deoxyuridine (M r 228.2) and the internal standard, 5V-fluoro-2-deoxyuridine were obtained from Sigma-Aldrich. The internal standard (30 AL, 3 Ag) was added to 500 AL of plasma, vortexed, transferred to a Centrifree Micropartition cartridge (Amicon, Beverley, MA), and centrifuged at 2000 Â g for 10 minutes at 20jC using a Beckman J2-HS (JA-17 rotor) centrifuge (Fullerton, CA). The ultrafiltrate was subjected to HPLC analysis. The percent recovery for 2V-deoxyuridine and 5V-fluoro-2-deoxyuridine was 96.2% and 90.7%, respectively. 2V-Deoxyuridine was detected using a mobile phase consisting of 0.05% v/v trifluoroacetic acid/water with a flow rate 1.0 mL/min. The ultrafiltrate (80 AL) was injected onto a Waters Nova-Pak C 18 column (3.9 Â 300 mm, 4 Am). UV absorbance for 2V-deoxyuridine was monitored at 261 nm. Retention times for 2V-deoxyuridine and 5V-fluoro-2-deoxyuridine were 11 and 15 minutes, respectively. The calibration curves generated by least squares regression weighted 1/x 2 were linear (r 2 = 0.99) from 5 ng/mL (22 nmol/L) to 2,500 ng/mL (11 Amol/L). The interassay coefficient of variation for the quality control samples at the low (50 ng/mL) and high (1500 ng/mL) end of the curve were 7.47% and 3.51%, respectively. Pharmacokinetic Analysis. Raltitrexed concentrationtime data were modeled using ADAPT II with maximum likelihood estimation (19) . Two-and 3-compartment models were fit to the data and the best fit was determined using Akaike's Information Criterion (20) . In all cases, the twocompartment model provided the best fit. Clearance (Cl) was determined from the equation Cl = K 10 Â V c ; half-lives for each phase were determined from the equation t 1/2 = ln 2/k, where k is the disposition rate constant for the phase; and the area under the concentration versus time curve (AUC) was determined from the equation AUC = dose/Cl (21).
RESULTS
A total of 21 patients were entered into the study. Three patients were not evaluable for toxicity due to early progressive disease, which prevented administration of the scheduled three weekly doses of raltitrexed during course 1 of therapy. Characteristics of the 18 evaluable patients are shown in Table 1 (Table 2) . Three patients had grade 3 or 4 elevations in liver transaminases during either the first (n = 2) or second (n = 1) raltitrexed course. A 12-year-old female with refractory ALL Phase I Clinical Trial of Raltitrexed in Pediatric Leukemiaexperienced a rapidly increasing ALT (grade 4) and aspartate aminotransferase (AST; grade 3) after the second of the three scheduled doses of raltitrexed during course 1, prompting discontinuation of raltitrexed and early study withdrawal. Elevated transaminases returned to baseline after drug discontinuation. A 12-year-old male with ALL, previously treated with bone marrow transplant (BMT) and total body irradiation, had a grade 3 ALT and grade 2 hyperbilirubinemia after dose 2, course 1 of raltitrexed. These transaminase elevations were also reversible, returning to grade 1 before the patient's death 1 week after completion of course 1 therapy due to rapidly progressive leukemia. Finally, a 20-year-old female with AML who had minimal liver toxicity during her first course of raltitrexed (grade 1 ALT and grade 2 AST) developed a grade 4 ALT, grade 3 AST, and grade 3 GGT after the first dose of raltitrexed during course 2, prompting her removal from study. This patient was hospitalized at the time for a wound infection and acute renal insufficiency thought unrelated to drug. Her ALT gradually returned to normal over the next several weeks. One patient at dose level 3 (2.1 mg/m 2 ) also had grade 3 elevation in ALT and AST; however, these increases were felt to be at least in part related to rapidly progressive disease. Other toxicities attributed to raltitrexed included grade 3 diarrhea in one of six patients treated at the first dose level and drug-induced nausea and vomiting that were well controlled with antiemetics. Grade 3 and 4 adverse events unrelated to drug included fever/ infection (9), hypokalemia (2), hypophosphatemia (2), hyperuricemia (1), diarrhea (1), vomiting (1), anorexia (1), abdominal pain (1), and pulmonary infiltrates (1). In addition, 11 of 18 patients experienced some degree of myelosuppression attributed to their underlying disease process.
Three deaths occurred on study. Two deaths (one each at dose levels 1 and 4) were felt by the treating center to be related to rapidly progressing disease. The third death, which occurred at the first dose level (day 23 of study), was attributed to E. coli sepsis. The study cohort was expanded after this adverse event; however, no further infectious adverse events were noted at this dose level.
Antileukemia Activity. Four patients benefited from raltitrexed administration as evidenced by either a decrease in bone marrow blast percentage or clearing of cutaneous leukemic infiltrates (Table 3 ). An 11-year old male with ALL, in first relapse after failing two prior induction regimens, was treated at the maximum tolerated dose (2.1 mg/m 2 ) and had a complete response (98% to 4% blasts) after one course of therapy. This patient received a second course of raltitrexed before undergoing a bone marrow transplant and is currently a long-term survivor (n = 43 months). Two patients had a partial response to raltitrexed, a 3-year old male with AML treated at the 1.3 mg/m 2 (bone marrow blast count decreased from 28% to 10% after two courses of therapy) and an 11-year-old male with Philadelphia positive ALL treated at the 2.1 mg/m 2 dose level (bone marrow blast percentage decreased from 28% to 7% after three courses of raltitrexed). Finally, a 12-year old female with AML had clearing of cutaneous leukemic infiltrates and peripheral blasts after one course of raltitrexed (1.3 mg/m 2 ). Despite this cutaneous response, however, there was no apparent effect on the bone marrow blast percentage and the patient declined further doses of raltitrexed to pursue other therapy. Fourteen patients treated with raltitrexed had no apparent response to treatment and were removed from the study after one course of therapy.
Pharmacokinetics/Pharmacodynamics. Day 1 pharmacokinetic samples were obtained on 19 of 21 patients enrolled on this trial (Table 4 ). The elimination of raltitrexed from plasma was best described by a two-compartment model with a median initial half-life of 6 minutes, a terminal half-life of 45 minutes, and a clearance of 139 mL/min/m 2 . In most patients, there was a rapid decline in raltitrexed plasma concentrations by 4 hours to below the limit of detection of the assay (Fig. 1) . Although there was moderate interpatient variability in the raltitrexed pharmacokinetic parameters, plasma exposure seemed to increase linearly with dose over the limited dose range studied and there was no evidence of dose-dependent clearance.
2V-Deoxyuridine, a surrogate marker of thymidylate synthase inhibition, was also quantitated after raltitrexed administration (Table 5 ). The average increase in 2V-deoxyuridine after the first dose of raltitrexed was 3.7-fold from baseline. 2V-Deoxyuridine was not detectable before the days 8 and 15 doses of raltitrexed. Peak levels determined after days 8 and 15 raltitrexed were 1.5-fold and 2.6-fold greater than baseline, respectively.
DISCUSSION
The dose-limiting toxicity of raltitrexed administered weekly for 3 consecutive weeks in children with recurrent or refractory leukemia was hepatotoxicity, manifest as reversible elevations in serum transaminases. In adults, raltitrexed has primarily been administered on a once every 3 week dosing schedule to patients with advanced colorectal cancer. The doselimiting toxicity of raltitrexed in adults with solid tumors were asthenia, myelosuppression, and gastrointestinal toxicities (22, 23) . Nevertheless, grade 3 or 4 hepatotoxicity has been observed in 3% to 24% of adults with solid tumors after raltitrexed administration (3, 24, 22) . Fulminant hepatic necrosis, an apparently rare and idiosyncratic adverse event, has also been reported in two adults after raltitrexed administration (25) . Other grade 3 adverse events after raltitrexed included fatigue, diarrhea, and myelosuppression (3). In children with refractory or recurrent solid tumors, 30 (62%) of 48 patients experienced mild liver transaminase elevations and 4 patients experienced grade 3 or 4 ALT elevations that seemed unrelated to dose (15) . Overall, 12 (66%) of 18 pediatric patients in this phase 1 study had abnormalities in serum transaminases, of which 10 (83%) of 12 were attributed at least possibly to raltitrexed (Table 2 ). Although 6 of 10 patients had isolated elevations in transaminases, 4 of 10 patients had additional evidence of mild liver dysfunction, including hypoalbuminemia (2), hyperbilirubinemia (2), and hepatomegaly (1).
The significance of liver transaminase elevations after raltitrexed administration has been addressed in several studies. Cunningham et al. (3) observed transaminase elevations in six raltitrexed phase 2 and 3 trials. He noted that these elevations were reversible, returning to baseline in subsequent courses without dose reduction and were not associated with significant liver pathology. However, raltitrexed was associated with significant liver toxicity in other studies, including death from fulminant hepatic necrosis (25, 26) . Liver toxicity correlated with elevated baseline transaminases and high cumulative raltitrexed dose in these studies (26) . In our study, grade 3 or 4 transaminase elevations attributed to raltitrexed were associated with additional evidence of mild liver dysfunction in four patients. Unlike the studies in adults, transaminase elevations in this study were an early event, occurring within the first cycle in all but one patient.
Because raltitrexed is rapidly polyglutamated after cell entry (1), it is possible that polyglutamated drug might accumulate using a weekly administration schedule. Because only a few patients received more than two courses of raltitrexed, it is difficult to assess cumulative toxicity in this patient population. However, one patient received four courses of raltitrexed at the maximum tolerated dose (2.1 mg/m 2 ) and did not have any evidence of cumulative drug -related toxicity.
The pharmacokinetic behavior of raltitrexed in children was similar to that described in adults, although the initial halflife (t 1/2a ) in this study was shorter than that reported in adult studies (6 versus 100 minutes; ref. 1). In our two-compartment model, the terminal half-life (t 1/2h ) was 45 minutes, which is similar to the t 1/2h reported in adults and children (1, 15) . Studies using more sensitive assays have also identified a prolonged terminal phase (t 1/2g ) of 96 to 260 hours (1, 15) . The clearance in this study (8. NOTE. 2V -Deoxyuridine median values for groups with at least three patients. *Median plasma concentration before raltitrexed administration (range in parentheses). yPlasma concentration immediately after raltitrexed infusion. zBelow limit of HPLC assay detection (5 ng/mL).
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